The use of the type 2 diabetics drug metformin has been correlated with enhanced progression-free survival in ovarian cancer. The literature has speculated that this enhancement is due to the high concentration of metformin directly causing cancer cell death. However, this explanation does not fit with clinical data reporting that the women exposed to constant micromolar concentrations of metformin, as present in the treatment of diabetes, respond better to chemotherapy. Herein, our aim was to examine whether micromolar concentrations of metformin alone could bring about cancer cell death and whether micromolar metformin could increase the cytotoxic effect of commonly used chemotherapies in A2780 and SKOV3 cell lines and primary cultured cancer cells isolated from the peritoneal fluid of patients with advanced ovarian cancer. Our results in cell lines demonstrate that no significant loss of viability or change in cell cycle was observed with micromolar metformin alone; however, we observed cytotoxicity with micromolar metformin in combination with chemotherapy at concentrations where the chemotherapy alone produced no loss in viability. We demonstrate that previous exposure and maintenance of metformin in conjunction with carboplatin produces a synergistic enhancement in cytotoxicity of A2780 and SKOV3 cells (55% and 43%, respectively). Furthermore, in 5 (44%) of the 11 ovarian cancer primary cultures, micromolar metformin improved the cytotoxic response to carboplatin but not paclitaxel or doxorubicin. In conclusion, we present data that support the need for a clinical study to evaluate the adjuvant maintenance or prescription of currently approved doses of metformin during the chemotherapeutic treatment of ovarian cancer.
Introduction
Ovarian cancer is the deadliest gynecologic cancer, principally due to late-stage diagnosis and limited effectiveness of currently available treatments, especially in the recurrent disease. 1 This situation has created the need for new treatment alternatives that prolong and improve patient survival and quality of life. Currently, paclitaxel in combination with a platinum agent such as carboplatin are the first line of treatment for advanced ovarian cancer. However, despite a good initial response after surgery and first-line chemotherapy in chemo-naive cells, most patients relapse within 18 months and receive second-line chemotherapy with unfortunately poor response rates. Patients with recurrent ovarian carcinoma are treated differently according to the presence of suspected platinum resistance. When resistance is suspected, usually after a treatment-free interval of less than 6 months, doxorubicin is commonly preferred as the secondline treatment. 2, 3 It is widely held that, in general, there is an increased risk of cancer mortality in women with type 2 diabetes. However, reports are now starting to show that metformin use in type 2 diabetes is associated with lower cancer mortality. 4 This clinical result suggests that the diabetic patient with cancer receiving the drug metformin is either having an inhibitory or cytotoxic effect upon the cancer cell or enhancing the sensitivity of the cancer cell to the cytotoxic effects of chemotherapy.
Metformin (1, 1-dimethylbiguanide hydrochloride) is widely used in the clinic to treat type 2 diabetes and prediabetic syndromes. 5, 6 Metformin, by modulating the metabolism of glucose and fatty acids, delivers its primary action by the inhibition of hepatic glucose production and by increasing the sensitivity of peripheral tissues to insulin. 7 Habitual clinical dosing regimens of metformin hydrochloride tablets generally result in steadystate plasma concentrations of less than 1 mg/mL, which are achieved within 24 to 48 hours. During controlled clinical studies of metformin, maximum plasma metformin levels do not exceed 5 mg/mL (30 mmol/L). Lalau et al showed that the mean + standard deviation plasma concentrations and erythrocyte levels were 2.7 + 7.3 mg/L (16 + 44 mmol/L) and 2.0 + 4.4 mg/L (12 + 26.5 mmol/L), respectively, in a total of 467 patients. [8] [9] [10] Metformin alone has been reported to possess cytotoxic activity. Hirsch et al showed that metformin inhibits cellular transformation and selectively kills cancer stem cells in 4 genetically different types of breast cancer. 11 In another study, Song et al reported that metformin was preferentially cytotoxic to cancer stem cells compared to noncancer stem cells. 12 Furthermore, there are several reports regarding the beneficial use of metformin in combination with chemotherapy. In ovarian cancer cell lines, metformin at millimolar concentrations showed proapoptotic effects that increase when used in combination with cisplatin. 13 Again at millimolar concentrations, metformin induced a significant decrease in the growth of the ovarian cancer cell lines OVCAR-3 and OVCAR-4 in a concentration-and timedependent manner, and this growth inhibition was associated with an upregulation of AMP kinase (AMPK) activity. 14, 15 Furthermore, the potential of metformin was assessed in vivo, where effectiveness was greatest in combination with cisplatin in reducing tumor burden, angiogenesis, and metastatic potential in xenografts of A2780 cells in nude mice. 15 These published studies have used in vitro metformin concentrations within the concentration range of 1 to 100 mmol/L, in other words, concentrations not approved for current treatment of diabetic patients.
Two commonly used in vitro models to test drug response and combination are the primary culture of ovarian cancer cells obtained from individual patients and established ovarian cancer cell lines. Primary cultures of ovarian cancer cells can be obtained by the plating of cancer cells derived from the peritoneal fluid (ascites) of patients with advanced cancer. 16 Two commonly used ovarian cancer cell lines are A2780 and SKOV3.
The A2780 cell line was derived from a primary untreated and paclitaxel-sensitive cancer, 17 while the SKOV3 cell line was obtained from the ascites of a patient with advanced metastatic ovarian cancer. The SKOV3 is resistant to most cytotoxic drugs. 18 Rattan et al reported that interperitoneal injected A2780 cells formed principally solid tumors and presented ovary-specific metastases. In contrast, SKOV3 could form overt metastases in nude mice. 15 In summary, the literature has shown that metformin at high concentrations can bring about cancer cell death; however, this does not fit with the clinical data reporting that women exposed to constant micromolar concentrations of metformin, for the treatment of diabetes, respond better to chemotherapy. Thus, in this article we hypothesize that the presence of metformin at concentrations approved for the treatment of diabetes enhances the cytotoxic effect of chemotherapy. In ovarian cancer cell lines and primary cultured cancer cells obtained from patients with advanced (stage III/IV) ovarian cancer, we test our hypothesis by examining cytotoxicity in the presence of micromolar concentrations of metformin in combination with representative classes of commonly used ovarian cancer chemotherapies (carboplatin, doxorubicin, and paclitaxel).
Materials and Methods

Cell Culture
The ovarian cancer cell lines A2780 and SKOV3 were maintained in Dulbecco-modified Eagle medium (DMEM)/F12 supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, California). The cells in the 96-well plates were treated previously for 24 hours with or without metformin (D150959; Sigma-Aldrich, St. Louis, Missouri), before paclitaxel, carboplatin, or doxorubicin treatment (all purchased from Laboratorio farmacéutico Kampar, Santiago, Chile) at concentrations stated in the figure legends. Metformin, carboplatin, and doxorubicin were solubilized in water, while paclitaxel was solubilized in ethanol. All the corresponding vehicle controls were used in the cytotoxicity assays. Exact experimental procedures and concentrations used are stated in the figure legends. However, briefly, 3500 ovarian cancer cells were plated for 24 hours in 96-well plates before the culture medium changed to (DMEM)/F12 supplemented with 5% charcoal-stripped fetal bovine serum in the presence of metformin or vehicle control (pretreatment). After 24 hours, metformin or vehicle control was re-added in fresh medium together with chemotherapy for a further 48 hours. As an example of the nomenclature used in the figures, ovarian cancer cells treated for 24 hours with metformin, followed by 48 hours of chemotherapy is stated as Met 24-Veh 48; while ovarian cancer cells treated for 24 hours with metformin, followed by 48 hours of metformin together with chemotherapy is stated as Met 24-Met 48.
Primary Cell Culture of Ovarian Cancer
All ovarian cancer samples used in the primary culture were obtained with signed informed consent and with institutional ethical committee approval from the Pontificia Universidad Católica de Chile and all participating hospitals. These samples were obtained from a network of Chilean hospitals including the Cancer Centre at the Pontificia Universidad Católica, Hospital Sótero del Río, Fundación Arturo López Pérez (FALP), Hospital Barros Luco-Trudeau, and Hospital Gustavo Fricke. Culture and cell viability analysis of primary cultures of ovarian ascites were performed as described previously in the ovarian cancer cell lines.
Measurement of Cancer Cell Viability
Cell viability in primary cultures of ovarian ascites and ovarian cancer cell lines was evaluated using the colorimetric assay MTS as instructed by the supplier (Cell Titer 96 Aqueous One Solution Cell Proliferation Assay; Promega Madison, Wisconsin) using 96-well plates, as previously published by our laboratory. 20, 21 The cells were seeded at 50% density. Each experiment was repeated at least 3 times with 5 replicates per experiment.
Cell Cycle Analysis
Flow cytometry (FACSsan, Becton Dickinson, California) was performed at the Universidad de Desarrollo, Santiago, Chile. Briefly, adherent and floating cells were collected and washed 2 times with cold phosphate-buffered saline. The cells were fixed and permeabilized with 70% cold ethanol and incubated with RNase A and propidium iodide (0.5 mg/mL) buffer. Cells pertaining to a sub-G1 fraction, G0/G1 phase, or G2/M S phase were determined as a percentage of the total cell population using the Cell-Quest program (Beckton Dickinson). The sub-G1 fraction was considered as a marker of cell death (apoptosis and/or necrosis). Results were gathered from 3 independent experiments.
Statistical Analysis
All experiments were analyzed using the 2-way analysis of variance, with the Bonferroni posttest (GraphPad Software, La Jolla, California). All the cell line experiments were performed at least 3 times. P < .05 was considered as significant. In the figures *P < .05, ***P < .001. Statistical analysis on synergy was used to evaluate the effect of metformin and carboplatin combination. Briefly, 3500 ovarian cancer cells, either A2780 and SKOV3, were plated for 24 hours in 96-well plates before the culture medium was changed to (DMEM)/F12 supplemented with 5% charcoal-stripped fetal bovine serum in the presence of metformin or vehicle control (pretreatment). After 24 hours, metformin or vehicle control was re-added in fresh medium together with carboplatin for a further 48 hours. In this case, we used varying concentrations of metformin combined with varying concentrations of carboplatin in a constant ratio of carboplatin/metformin of 2.5. The presence of an additive or synergistic effect between the combinations of drugs was assessed using the CalcuSyn for Windows computer program (Biosoft, Cambridge, United Kingdom). Results from MTS assays after treatment with metformin alone, carboplatin alone, and in the combination of these 2 agents (in concentrations indicated in the figure legends) were used to calculate the combination index (CI) via the software program; CI < 1 indicates synergistic activity, whereas a CI value of 1 represents an additive effect. Each cell line experiment was performed 3 times, with 5 replicates per experiment.
Results
With the aim of determining whether the range of metformin concentrations used in the treatment of diabetes (micromolar) could enhance the response to chemotherapy, we first determined the effect of metformin alone on the viability of the ovarian cancer cells. As the first line of treatment for advanced ovarian cancer is commonly carboplatin in combination with paclitaxel, we specifically chose to use the cell lines A2780 and SKOV3, as they demonstrate sensitivity to paclitaxel, while showing resistance to low micromolar concentrations of carboplatin, which are deemed representative of the concentration reaching the tumor cell in the patient. 22, 23 Figure 1 demonstrates a concentration response of metformin in the range of 1 mmol/L to 50 mmol/L. As shown, micromolar concentrations of metformin do not statistically reduce the viability of either the A2780 or the SKOV3 ovarian cancer cell lines; however, at 48 hours, millimolar concentrations bring about cell death at each of the 3 millimolar concentrations tested. Loss of cell number and appearance of a cell death phenotype 20, 21 is shown in representative images in Figure 1C . Metformin at 20 mmol/L was selected for further study, as this value is representative of the currently approved dosage in diabetes treatment and cell death was not observed at this concentration. We next determined whether cells preexposed or simultaneously treated with metformin showed changes in cell viability in the presence of standard chemotherapy concentrations. Paclitaxel was tested through several orders of magnitude, with the final concentration (10 mmol/L) being considered representative of the dose present in circulation in patients with ovarian cancer. 24 Carboplatin and doxorubicin were also tested, with concentrations of 50 and 1mmol/L, respectively, being representative of patient serum levels. 25, 26 Previous publications from our laboratory have demonstrated that the loss of cell viability in this assay corresponds to ovarian cancer cell apoptosis. 20, 21 Figures 2 and 3 demonstrate that the reduction in cell viability with chemotherapies tested in A2780 and SKOV3 is enhanced when cells were preexposed to metformin for 24 hours. Unsurprisingly, given that the 3 chemotherapies used have differing modes of action and that every cancer (and cell line) is unique, there were differing responses to each combination of metformin. The pretreatment of metformin for 24 hours before chemotherapy (Met 24-Veh 48) had little effect and the reason for this is still under investigation. A statistical improvement was observed in SKOV3 cells with doxorubicin, but this metformin application hindered the effect of paclitaxel in reducing the cell viability ( Figure  3 ). The simultaneous combination of metformin with chemotherapy (Veh 24-Met 48) had similar results to that with paclitaxel but had more favorable results in the presence of carboplatin. The combination of metformin statistically enhanced carboplatin-mediated cell death at 0.5, 5, 10, and 50 mmol/L. To avoid overcomplicating the graph, this is shown with an asterisk in Figure 3A . However, the most striking results were obtained when the cells were pretreated for 24 hours with metformin, then metformin was given together with chemotherapy for a further 48 hours (Met 24-Met 48; Figures  2 and 3) . No statistically significant cell death occurred with 72 hours of metformin (refer to the first graph point with Met Cell viability as determined by the MTS assay in A2780 cells (A) and SKOV3 cells (B) incubated for either 24 or 48 hours with micromolar (0-20 mmol/L) to millimolar (5-50 mmol/L) concentrations of metformin. All data points represent the mean of 3 independent experiments, each consisting of 5 replicates. P < .05 was considered as significant. C, Images of treated A2780 and SKOV3 cells as observed under phase contrast microscopy (Â20). Note the reduction in cell number and the appearance of cells with a lucent, rounded, and detached form. Figures 2A and 3A) . However, the Met 24-Met 48 combinations enhanced cell death, with low concentrations of paclitaxel and doxorubicin in the A2780 cell line. Noteworthy is the result obtained in the presence of carboplatin, where continuous metformin (Met 24-Met 48) enables in overcoming resistance (this concentration of carboplatin alone did not lower the cell viability to less than 100%), reducing cell viability by 43% and 55% in the SKOV3 and A2780 cell lines, respectively (Figures 2 and 3) . The continuous presence of metformin did not demonstrate a negative effect, that is, the reduction in the cytotoxic effect of chemotherapy under any condition tested. Note the reduction in cell number and the appearance of cells with a lucent, rounded, and detached form that we have previously confirmed as apoptotic. 23, 24 To confirm our observation that micromolar concentrations of metformin did not cause cell death, yet combination with chemotherapy enhanced cell death, we used the technique of flow cytometry. As can be seen in Figure 4 , the presence of metformin does not notably alter the cell cycle or bring about a sub-G0/G1 peak indicative of cell death. This technique also demonstrates that no statistically significant cell death occurs with carboplatin (confirming our MTS assay); however, the drug is having an effect on the ovarian cancer cell as observed by a characteristic increase in the G2/M phase of the cell cycle. Note the reduction in cell number and the appearance of cells with a lucent, rounded, and detached form that have been previously confirmed as apoptotic. 23, 24 In confirmation of the cell viability assay, the exposure of both carboplatin and metformin brought about an increase in cells in the sub-G0/G1 phase (Figure 4 ).
24-Met 48 and zero chemotherapy in
To evaluate whether synergy was occurring between metformin and carboplatin, we performed MTS assays in combinations of varying concentrations of each drug in both the A2780 and the SKOV3 cell lines ( Figure 5A and B, respectively). These MTS values were used to calculate the CI (where CI < 1 indicates synergistic activity; a CI value of 1 represents an additive effect) using CalcuSyn for Windows computer program (Biosoft). Carboplatin reduced cell viability in a dose-dependent manner in both cell lines with IC50 values between 50 and 100 mmol/L for A2780 and SKOV3 cells, respectively. Simultaneous exposure of cells to various doses of carboplatin in combination with different concentrations of metformin (micromolar range) resulted in a significant synergistic effect in both cell lines (CI < 1), in all but one of the combinations (Table 1 ). Of particular interest to this article was the clear synergy obtained with the combination of metformin 20 mmol/L and carboplatin 50 mmol/L in both the cell lines.
To take these observations a step closer to the clinic, we decided to repeat our experimental design in primary cultures of human ovarian cancer. At this juncture, we made a decision to work only with ovarian cancer cells isolated from peritoneal fluid of patients with confirmed ovarian cancer. Our rational was that the chemotherapeutic treatment of ovarian cancer is usually subsequent to cytoreductive surgery, and thus the true indicator of chemotherapy response is the ability to bring about cell death in cells that had escaped the primary tumor. The most practical approximation of this concept was to isolate and cultivate ovarian cancer cells from ascitic fluid. Unlike cancer cell lines, primary cultures have not been previously exposed to chemotherapy, thus we decided to test the effect of a wider range of carboplatin concentrations. As observed in Figure 6 , high concentrations of carboplatin bring about cell death in a primary cultured ovarian cancer and in A2780 and SKOV3 cell lines. Interestingly at the 50 mmol/L concentration, which from the literature we classify as the most representative of the carboplatin dose obtained in patients, we see an enhanced cell death in the presence of micromolar metformin. Although this is an individual patient and thus a true statistical analysis cannot be performed, the statistical examination of 5 replicates as individual points demonstrates the presence of a significant variation. This effect is more clearly visualized by the technique of flow cytometry, where in Figure 6B we see an enhancement of cells from a primary culture at G2/M phase and the appearance of a sub-G1 peak representing cell death. This evaluation of cell viability either in the presence of chemotherapy alone or in the pretreatment and maintained presence of metformin with chemotherapy (ie, Met 24-Met 48) was then tested in a further 8 patients. With the cancer cell numbers recovered from peritoneal fluid, 3 primary cultures were evaluated with paclitaxel or carboplatin ( Figure 7A ), while 5 cultures were also evaluated for their response to doxorubicin ( Figure 7B ). In the 8 further primary cultures, no advantageous benefits of metformin were observed in the presence of either paclitaxel or doxorubicin. However, in 3 of the 8 cultures (in total 4 of 9 [44%]) treated with metformin and carboplatin, an enhancement in loss of cell viability was observed (significant variance from the replicates in an individual patient). Figure 7A and B demonstrates significant variation (significant variance from the replicates in an individual patient) when the micromolar concentrations of metformin are present with carboplatin at the concentration that we estimate as representative of that circulating in patients. Noteworthy is that, at the highest utilized chemotherapy concentrations, in both the cell lines and 9 primary cultures of patient ascites, there was no reduction in chemotherapy action (ie, negative effect) in the presence of continuous metformin. 
Discussion
It is widely held that, in general, there is an increased risk of cancer mortality in women with type 2 diabetes. 27 However, reports are now starting to show that patients with ovarian cancer with type 2 diabetes who used metformin had longer progression-free survival after surgery and chemotherapy, despite receiving similar treatment. In a single-center study by Romero and colleagues, 27 341 patients with ovarian cancer were evaluated, of which 297 did not have diabetes, 28 had type 2 diabetes and did not use metformin, while 16 type 2 diabetic patients were taking metformin. The authors reported that 5-year progression-free survival for patients undergoing the same chemotherapy treatment was 51% for diabetic patients who used metformin, in comparison to 23% for the nondiabetic patients and 8% for the diabetic patients who did not use metformin. This clinical observation has also been reported in other malignancies. 9, 10, 13 As an example, metformin presence was correlated to enhanced clinical outcome in the presence of chemotherapy in a retrospective study of pancreatic cancer. In this study, patients with preexisting diabetes and taking metformin presented with an increased progression-free survival of 4.1 months, and an overall survival rate at 1 year that was 18.8% higher than patients not taking metformin. The beneficial effect of metformin was observed at all stages of the disease but was only statistically significant in patients with nonmetastatic disease. 28 Currently, there are numerous in vitro reports regarding the beneficial use of metformin in combination with chemotherapy. However, the concentrations used in these in vitro and animal studies exceed the concentrations of metformin currently accepted for the treatment of diabetes. [8] [9] [10] In fact, the concentration of metformin in the blood of diabetic patients treated with metformin was found to be of low micromolar, which means that most of the reported in vitro studies used metformin in 200 times excess of therapeutic levels. However, these authors argue that metformin accumulation in the cancer tissue could reach millimolar concentrations. 13 The above-mentioned clinical observations suggest that the presence of the drug metformin at micromolar concentrations in the diabetic patients with cancer is having either an inhibitory or a cytotoxic effect upon the cancer cell, or it is enhancing the sensitivity of the cancer cell to the cytotoxic effects of chemotherapy. Herein, we show that micromolar concentrations of metformin do not bring about cell death, nor alter the cell cycle distribution of the ovarian cancer cells tested (Figures 4B and 6C) . Concentrating on the concept of adjuvant treatment, herein we demonstrate for the first time in an in vitro ovarian cancer model that metformin at clinically approved (micromolar) concentrations synergistically enhances the effectiveness of chemotherapeutic drug action. Although preliminary, our observations hold up across both ovarian cancer cell lines and in primary cultures of ascites from patients with advanced (stages III-IV) ovarian cancer.
The scheduling of drug treatment is known to be critical for obtaining maximal drug response and to avoid undesirable antagonist effects. 29 To this end, we studied different combinations of metformin in addition to obtaining an initial idea on the interaction between metformin and the 3 cytotoxic chemotherapies tested. We observed that pretreatment of metformin for 24 hours or the combination of metformin with paclitaxel for 48 hours interfered with the cytotoxic effects of paclitaxel in both the cell lines. We also observed that pretreatment with metformin for 24 hours or a combination of metformin with doxorubicin for 48 hours interfered with the cytotoxic effects of doxorubicin in the A2780 cells. Although the exact mechanism occurring herein with metformin and carboplatin is unknown, antagonistic interactions between chemotherapy drugs have been reported before. By changing the scheduling of paclitaxel and carboplatin in combination therapy, it has been observed that carboplatin inhibited paclitaxel-induced IkBa degradation and bcl-2 phosphorylation and thus antagonized the cytotoxic effects of the latter drug. 29 The authors of this article concluded that for optimal interaction between paclitaxel and carboplatin, the schedule of addition is crucial. Herein, we also postulate that optimal scheduling of metformin and chemotherapy is required to obtain beneficial results. A further surprising observation was that low concentrations of carboplatin (between 0.5 and 10 mmol/L) increased the viability of SKOV3 cells. Again, the mechanism for this remains elusive; however, this observation has been observed clinically. Albeit at a low percentage, when paraffin slides from diagnostic biopsy were compared with matched tumor sections obtained at debulking surgery, it has been reported that an increased proliferative index was found after chemotherapy. 30 Of clinical interest is our observation that pretreatment of ovarian cancer cell lines with metformin 24 hours prior to the combination therapy of metformin and carboplatin caused the cells to overcome their resistance to treatment with carboplatin at the 50 mmol/L concentration, an effect demonstrated to be synergistic. This concentration of carboplatin was previously reported by Benepal et al as the maximal plasmatic concentration obtained with a dose-corrected area under curve (AUC) of 5.4. 31 Currently, in clinical use, the dose of carboplatin is determined by the method of Calvert, which considers the rate of glomerular filtration, where the dose is adjusted by AUC to 5 or 6. 32 However, carboplatin is given cyclically every 21 days Figure 5A . CI < 1 indicates synergy between the 2 drugs.
and is known to have a longer half-life and clearance than other platinum drugs. Thus, for several hours after the termination of infusion, the carboplatin levels may decrease to levels that alone cannot produce cytoxicity, but possibly do have cytotoxic action in the presence of metformin. This added toxicity may give the patients the enhanced progression-free survival that has been demonstrated in the clinic. At the cellular level, the mechanism of action of metformin has been reported to be through the activation of the enzyme AMPK, leading to the antiproliferative effects as reported in glioma, prostate, colon, pancreas, breast, and ovarian cancer cells. [33] [34] [35] Furthermore, the metformin inhibition of mammalian target of rapamycin, resulting in the sensitization to cell death has been reported. 36 Although only a speculation at this juncture, our results may suggest that metformin is enhancing the ability of the cells to move from G2/M (see flow cytometry result, Figure 4 .) into apoptosis, and the requirement of continuous metformin may suggest that this property is transient. Although not evaluated herein, an inhibition of the process of epithelial mesenchymal transition, implicated in the invasive process and the formation of new metastatic foci, may also be responsible for the clinical observation of longer progressionfree survival. 37 The experience in cancer research in the last half-century has clearly demonstrated that every cancer is unique, and, therefore, no 2 cancers will respond the same to, or at all, given chemotherapeutic or other cancer treatment regimes. As speculated above, the as-yet-unknown mechanism of action of metformin may involve the activation or inactivation of signaling pathways, and these changes in cellular signaling may sensitize the cancer cell to the differing actions of chemotherapeutic drugs. Paclitaxel acts by disrupting microtubule formation, while doxorubicin uses intercalation of DNA as a mechanism of action. Carboplatin, on the other hand, acts as a DNAalkylating agent. 24 Although in the cancer cell lines metformin to a certainb degree aided in the action of doxorubicin, the most notable effect on the cell lines and the only notable effect in primary cultures came from the alkylating agent, carboplatin. In the future, it will be interesting to understand how metformin-activated pathways interact with carboplatin and perhaps other alkylating agents.
Our results, coupled with the published preliminary clinical data, 10 add to the necessity to perform a randomized clinical trial to evaluate the effect of adjuvant and continuous metformin with chemotherapy in ovarian cancer treatment. Although there is no change in the standard chemotherapeutic dose in the near future, our results in the A2780 cell line suggest that metformin may significantly decrease cell viability at lower concentrations of carboplatin (refer to Figure 2A ). This observation was also evident at a lower carboplatin dose in patient 2 (refer to Figure 6 ) and could, in the future, be clinically important if one considers that a reduction in the chemotherapy concentration could enhance the quality of life by reducing the well-documented myelosuppressive effects of carboplatin.
As mentioned above, 44% (5 of 11) of the primary cultures of ascites responded to the continuous use metformin and carboplatin. As we now know all cancers are unique (56% did not show an enhancement), the future challenge for medicine is to personalize oncology. In the case of adjuvant metformin treatment, this will require the identification of biomarkers that would predict an additive or synergistic response with metformin. This holy grail of cancer research may possibly lead to the combination of metformin with other chemotherapies, immunotherapies, or small molecules for cancer treatment.
In summary, this in vitro study supports the preliminary clinical observations that the presence of metformin will deliver synergistic beneficial outcomes to patients with ovarian cancer undergoing chemotherapy. Our findings suggest that prescription or maintenance of metformin, at concentrations currently accepted for the treatment of diabetes, during preferentially carboplatin-containing treatment, may enhance the effectiveness of the latter, improving progression-free and overall survival in ovarian cancer. Our results, coupled with numerous reports from other cancer types, lend weight to the necessity of conducting randomized clinical trials with metformin as an adjuvant agent.
